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A novel technology combining replication- and integration-defective human immunodeficiency virus type 1 
(HIV-1) vectors with genetically modified dendritic cells was developed in order to induce T-cell immunity. We 
introduced the vector into dendritic cells as a plasmid DNA using polyethylenimine as the gene delivery system, 
thereby circumventing the problem of obtaining viral vector expression in the absence of integration. Genet- 
ically modified dendritic cells (GMDC) presented viral epitopes efficiently, secreted interleukin 12, and primed 
both CD4 + and CD8 + HIV-specific T cells capable of producing gamma interferon and exerting potent 
HIV-l-specific cytotoxicity in vitro. In nonhuman primates, subcutaneously injected GMDC migrated into the 
draining lymph node at an unprecedentedly high rate and expressed the plasmid DNA. The animals presented 
a vigorous HIV-specific effector cytotoxic-T-lymphocyte (CTL) response as early as 3 weeks after a single 
immunization, which later developed into a memory CTL response. Interestingly, antibodies did not accom- 
pany these CTL responses, indicating that GMDC can induce a pure Thl type of immune response. Successful 
induction of a broad and long-lasting HIV-specific cellular immunity is expected to control virus replication in 
infected individuals. 



Cytotoxic T lymphocytes (CTL) are associated with the con- 
trol of viremia in human immunodeficiency virus type 1 (HIV- 
l)-infected patients (21, 29) and simian immunodeficiency vi- 
rus (SIV)-infected monkeys (9, 13, 41). However, currently 
available therapeutic approaches do not induce HTV-1 -specific 
immunity. On the contrary, CD4 + - and CD8 + -mediated T-cell 
responses decline in time in patients treated with highly active 
antiretroviral therapies (14, 30, 31). The absence of HIV-l- 
specific cellular immunity contributes to treatment failures and 
to viral rebound after interruption of therapy. Encouraging 
results recently indicated that both HIV-1- and SIV-specific 
T-cell responses could be enhanced with early treatment of' 
acute infection and that potent T-cell immunity was associated 
with immune control of virus after interruption of therapy (21, 
23, 36). Although these results provided a rationale to explore 
immunotherapeutic approaches, the use of wild-type HIV-1 
for autoimmunization raised safety concerns. Therefore, novel 
therapeutic vaccine approaches that are able to induce HTV- 
specific cellular responses are required to control virus repli- 
cation. Here we describe a new technology to induce potent 
HIV-specific T-cell responses using genetically modified den- 
dritic cells (GMDC). 
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MATERIALS AND METHODS 

Construction of plasmid DNA. The replication- and integration-defective viral 
vector pLW/int was derived from a dualtropic primary HTV-1 isolate, laboratory 
worker (LW) (22). The mutant HTV-1 vector contains six stop codons and one 
deletion in the pol reading frame and one stop codon and one deletion in the 
second frame. First, the deletion was made. Second, multiple stop codons were 
introduced into the central EcoBl-EcoRl (nucleotides 4647 to 5742) fragment 
covering the integrase gene by primary PCR followed by overlap PCR using 
synthetic primers. The mutant fragment was cloned into a subclone with a 
deletion of the relevant fragment of the wild-type provirus. The authenticity of 
the final clone was checked by DNA sequencing. 

Culture and HTV-1 infection of primary lymphocytes, macrophages, and DC. 
Peripheral blood lymphocytes and monocyte-derived macrophages were isolated 
from human and macaque peripheral blood as described earlier (6). Human and 
monkey dendritic cells (DC) were cultured for 7 days in complete culture me- 
dium (RPMI 1640 with 10% fetal calf serum) supplemented with 1,000 U of 
granulocyte-macrophage colony-stimulating factor and 700 U of interleukin 4 
(IL-4) as described elsewhere (40). The wild-type virus, LW, and the integrase 
mutant (LW/int) viral vector were produced by transfection of 293 T cells with 
the corresponding plasmid DNA Supernatants were collected 2 days after trans- 
fection and normalized for p24 before infection of primary human cells. Electron 
microscopic examination of the pLW- and pLW/int-transfected 293 T cells dem- 
onstrated comparable levels of viral particle production (data not shown). 

Transduction of DC with plasmid DNA. DC (2 X 10 5 /well) were plated in 150 
jjuI of Optimem culture medium (Gibco) in a 96-well plate. Polyethylenimine 
(PEI) or PEI-mannose was used at an N/P ratio of 5 equivalents to complex 
about 2 ^g of plasmid DNA (4). Cells were incubated for 4 h at 37*C. Half of the 
medium was replaced with fresh RPMI 1640 medium containing 10% fetal calf 
serum and cytokines (granulocyte-macrophage colony-stimulating factor and 
IL-4). Transduction of DC was routinely done in parallel wells. HTV-1 expression 
was monitored by a p24 antigen capture assay (Coulter). 

Analysis of in vitro T-cell priming. DC (stimulator cells) were cocultured with 
autologous peripheral lymphocytes (responder cells) in a 1:10 ratio. Aliquots of 
this culture were analyzed after 3 days for gamma interferon (IFN-*y) production 
and after 7 days for CTL activity. For restimulation, an autologous B-lympho- 
blastoid cell line (B-LCL) primed with peptides or Zn- inactivated HTV MN or 
raicrovesicle (control supernatant obtained from the same cell line in the absence 
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FIG. 1. Characterization of the antigen, (a) Molecular clone en- 
coding the integrase-defective HIV-1 (LW/int) vector. This plasmid 
can express full-length Tat, Rev, Nef, Vpr, Vpu, Vif, Gag, reverse 
transcriptase, and envelope proteins derived from the MV-l LW pri- 
mary isolate (22) and a truncated integrase protein. LTR, long termi- 
nal repeat, (b through d) Infection of primary human lymphocytes (b), 
macrophages (c), and DC (d) with wild-type FHV-l, LW (♦), and the 
integrase-mutant retrovirus vector LW/int (564). In contrast to the 
parental wild-type virus (LW), the integrase-mutant virus was unable 
to induce productive infection in primary human cells. 



of HTV MN ) was used. For flow cytometry, cells were incubated with 2 \Lg of 
brefeldin A per ml for 3 h and harvested for cytokine staining. Cells (5 X 10 5 ) 
were washed twice with phosphate-buffered saline (PBS) containing 1% bovine 
serum albumin at room temperature and stained with PC5-CD3" 1 " (UCHT1; 
Immunotech) and fluorescein isothiocyanate-CD8 + (B9.ll; Immunotech) anti- 
bodies for 30 min on ice. Cells were washed twice with PBS and fixed in 0.5 ml 
of 4% paraformaldehyde solution for 15 min on ice. Cells were again washed 
twice with PBS and then permeabilized in 0.5 ml of 0.1% saponin solution for 15 
min on ice, spun down, and resuspended in 40 u-l of 0.1% saponin. These cells 
were stained with IFN-7-phycoerythrin (45.15; Immunotech) antibody for 30 
min on ice, washed twice with 1 ml of 0.1% saponin, and resuspended in 0.5 ml 
of PBS containing 1% bovine serum albumin for fluorescence-activated cell 
sorter analysis. All such analysis was controlled with isotype control staining. 



In vivo localization of GMDC. Autologous monocyte-derived rhesus DC were 
transduced with DNA containing the neomycin phosphotransferase gene (neo). 
Ca. 500,000 were injected subcutaneously into the upper thigh of a rhesus 
macaque. One day later the draining lymph node was removed, fixed, and 
analyzed by in situ hybridization using a 32 P-labeled nee-specific antisense probe 
(and sense probe for control) and with immunohistochemical staining using p55 
antibody (and isotype control) specific for lymph node DC (43). 

GMDC vaccination of monkeys. Two colony-born pigtailed macaques (97280 
and 96052) approximately 18 months of age were used in this study. Animals 
were treated and housed following current AALAC guidelines. All procedures 
were approved by the University of Washington Animal Care and Use Commit- 
tee. Macaques were inoculated with ca. 500,000 autologous GMDC subcutane- 
ously for localization studies. Vaccination was performed with 500,000 autolo- 
gous GMDC. 250,000 GMDC injected into the saphenous vein and 250,000 
GMDC injected subcutaneously in the upper thigh. 

CTL assay. For human cells isolated from buffy coat, GMDC and control DC 
were cultured for 7 days with autologous T cells at a ratio of 1:10. T cells were 
collected and used as effectors in a CTL assay. Since bufly coat donors were not 
identified, we could not use autologous B-cell lines as target cells for the CTL 
assay. Instead, we used either freshly prepared autologous monocytes/macro- 
phages or DC. Briefly, peripheral blood mononuclear cells (PBMC) depleted of 
T cells were plated in six- well plates in complete culture medium for 1.5 h. 
Nonadherent cells were then removed, and the remaining cells were incubated 
with fresh culture medium for an additional 7 days. After that time, all cells were 
collected and either left intact or incubated for 2 h with 10 jjig of recombinant 
protein. Then the cells were pulsed with 5l Cr (sodium chromate; Amersham) for 
1 h. The cells were then washed three times and used as targets in a standard 4-h 
51 Cr release assay. 

CTL analysis of macaque lymphocytes was performed essentially as described 
previously (15). We generated recombinant vaccinia virus-infected autologous 
B-LCL ceils (obtained through herpesvirus papio transformation) as target cells. 
The B-LCL cells were pulsed with 5l Cr prior to coculture, and 5l Cr release from 
the cells was measured in the supernatant after 4 h. Responder cells were either 
autologous PBMC to measure effector CTL or autologous PBMC restimulated 
with autologous monocytes (obtained through adherence to plastic) infected with 
the appropriate recombinant vaccinia virus (obtained through the AIDS Re- 
search and Reference Reagent Program, National Institutes of Health). 

RESULTS 

We postulated that the use of naturally expressed and pro- 
cessed viral proteins might be advantageous for the induction 
of HTV-l-specific T-cell immunity, because an effective control 
of HTV-1 and SIV has been induced only by replication-com- 
petent (wild-type or attenuated) viruses (8, 21, 23, 36, 38). We 
wanted to overcome the safety problems associated with rep- 
lication-competent viruses, so we decided to use a replication- 
defective HIV-1 vector as a source of antigens. Replication- 
defective retroviruses have been used as vectors for delivering 
therapeutic genes in experimental human gene therapy proto- 
cols and proved to be safe in HTV-1 -infected patients but have 
not been shown to be effective in raising immune responses 
(27, 35). We mutated the integrase gene of HIV-1 because 
integrase-mutant retroviruses are not only replication defec- 
tive but also unable to introduce permanent genetic modifica- 
tion in infected cells (28, 44). We began with a plasmid DNA 
containing an integrase-mutant HIV-1 vector (6) derived from 
a primary isolate that was able to infect both macrophages and 
T lymphocytes (22). The safety of the DNA was further in- 
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ture and process antigens, express costimulatory molecules, 
secrete cytokines, and contact T cells to initiate immune re- 
sponses (2). Movement of antigens to the lymphoid organs may 
be critical for the induction of T-cell immunity (19, 48). DC 
have the unique capacity to present antigens in the lymphoid 
organs and induce antigen-specific CTL activity by pruning 
naive CD4 + and CD8+ lymphocytes (3, 7, 18, 24). 

Our challenge was to express the proteins encoded by the 
retrovirus vector in DC. To circumvent the problem of viral 
vector expression in the absence of integration, we introduced 
the HIV-1 vector into DC as plasmid DNA. We found that 
PEI, a nonviral gene delivery vehicle, can be used for this 
purpose. PEI is a versatile cationic polymer that condenses 
DNA (4). The PEI-DNA complex enters cells via endocytosis 
(20). PEI buffers endosomes, and the resulting osmotic swell- 
ing liberates the complex into the cytoplasm (4). PEI also 
facilitates the trafficking of DNA into the nucleus, thus aug- 
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FIG. 2. HIV-1 vector expressing GMDC can prime naive T cells in 
vitro, (a) Characterization of monocyte-derived DC by isotype control 
and antibody staining, (b) GMDC expressing the HIV-1 vector. DC 
were transduced with plasmid DNA containing wild-type HIV-1 
(pLW) (♦), a plasmid carrying the integrase-defective mutant (pLW/ 
int) (■), and a control plasmid encoding the green fluorescent protein 
(Clontech) (A) using PEI-mediated gene delivery, (c) Priming of naive 
T cells (TC) by DC, GMDC, and DC pulsed with hi-HIV-1. IFN-7 
production was analyzed in T cells with a flow cytometer 3 days after 
priming. 



creased by introducing additional modifications consisting of 
one deletion and seven stop codons covering all three reading 
frames (Fig. la). Virions were derived from plasmid DNA 
encoding both the wild-type virus pLW and pLW/int by trans- 
fection of 293 cells. Supernatants were normalized for p24 
contents and used to infect primary human cells susceptible to 
HTV-1 infection. As expected, the parental wild-type virus LW 
replicated in primary human lymphocytes, macrophages, and 
DC. In contrast, the integrase-mutant viral vector was unable 
to replicate in lymphocytes (Fig. lb), macrophages (Fig. lc), 
and DC (Fig. Id), confirming that LW/int is a replication- 
defective viral vector. 

DC are an attractive component of vaccines designed to 
induce T-cell responses in malignant and infectious diseases 
(26, 42) provided that the range of the presented epitopes and 
their immunostimulatory activity can be improved. They cap- 




Isotype Microvesicles HIV 



Q 

O 

c 
o 

"D 



Q 

O 



0.0 



ft 



'1 ""1 ""1 



0.0 




GFP 



LW/int 



"i I,JU 1 "n ""i 



a 

o 

c 

o 

£ 

CD 



o 



0.0 

"1 '"-I 1 '■ 



ft . 



0.8 

'H '""1 1 



0.8 



0.0 



"1 "''"I ""i 



1.1 



1 

-i 2.3 



'""1 ' ""l ' " - v 



GFP 



LW/int 



IFN-y 

FIG. 3. Characterization of GMDC-primed T cells. Naive T cells 
were primed with GMDC transduced with either LW/int or control 
pGFP plasmid DNA and cultured for 14 days. T cells were restimu- 
lated with autologous B-LCL cells primed with either Zn finger-inac- 
tivated HIV or microvesicle control (gift from Jeff Lifson, NCI, Fred- 
erick, Md.). (Top panel) Gating of CD4+ and CD8 + T cells on the 
CD3" 1 " population. Labels on the right and the top indicate antigens 
used for priming and restimulation, respectively. 
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FIG. 4. Characterization of in vitro-induced HTV-specific CTL. (a) 
HIV-specific lysis. Naive autologous lymphocytes were stimulated with 
GMDC (left) and control (right) autologous DCs. Seven days later, 
primed T cells were tested for HIV-specific CTL activity against au- 
tologous target macrophages (□) and macrophages pulsed with Gag 
(p55) protein (■). (b) Analysis of in vitro-primed HTV-1-specific CTL. 
Effector T cells induced by GMDC were tested against autologous 
target macrophages pulsed with the Gag protein (p55) (effector/target 
ratio, 50:1) in the presence and absence of CD8-specific antibodies 
(CD8AB). (c) GMDC activation of T cells specific to the dominant 
HLA-A*02-restricted Gag CTL epitope. GMDC derived from a naive 
HLA-A*02 individual were used to prime autologous T cells. Seven 
days later the primed T cells were restimulated overnight with either 
autologous B-LCL cells (left) or B-LCL cells pulsed with HLA-A*02- 
restricted pl7 Gag 77 ^5 (SLYNTVATL) peptide (right). 



meriting gene expression (32). Monocyte-derived DC (Fig. 2a) 
were transduced using plasmid DNA (pLW/int) complexed 
with PEL Up to 50% of the resulting GMDC stained positively 
for Tat-specific antibodies by flow cytometry. Successful gene 
transfer was further demonstrated by the detection of HIV-1 
p24 protein in the supernatant (Fig. 2b). Of course, the DC 
transduced by the wild-type HTV-1, pLW, produced larger 
amounts of p24 due to its virus replicative capacity. 

We used flow-cytometric detection of intracellular IFN-7 to 
assess the magnitude of T-cell priming by GMDC. Control DC, 
GMDC, and DC pulsed with heat-inactivated HIV-1 (hi- 
HTV-1) were cocultured for 3 days with autologous naive lym- 
phocytes isolated from uninfected individuals. Results of a 
typical experiment are depicted in Fig. 2c: significant amounts 
of T cells (2.5% of CD3 + T lymphocytes, 1.2% of them CD8 + 
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FIG. 5. Increased IL-12 secretion by GMDC activates T-cell prim- 
ing and CTL response, (a) Increased IL-12 production by GMDC. DC 
(left panel) and GMDC (right panel) were stained with antibodies, 
analyzed by flow cytometry, and plotted as IL-12 (20C2; PharMingen) 
versus Class II (Immu-375; Immunotech). (b) IL-12 augments Thl- 
type primary immune responses. Naive peripheral lymphocytes (TC) 
were primed with GMDC (1:10 ratio) in the presence (right) and 
absence (left) of 5 ng of IL-12 (R&D) per ml. Seven days later, 
HIV-l-specific CTL were tested against autologous target DC (17) 
pulsed with hen egg lysozyme (■) or with hi-HTV-1 (♦). The panels on 
the right of the graphs show the percentages of IFN-7-producing 
CD8 + T cells after 3 days of priming with GMDC in the presence 
(right) and absence (left) of IL-12. 



and 1.3% CD8~ T lymphocytes, representing mostly CD4 + 
cells) were primed by GMDC but not by either control DC or 
DC pulsed with hi-HTV-1. These results demonstrated that 
GMDC could efficiently prime naive T cells within 4 days. 
Gene expression by DC seems to be essential for efficient 
T-cell priming, because pulsing with an extracellular antigen 
(hi- HIV-1) did not induce any significant T-cell priming. 

GMDC-primed T cells were rechallenged with HTV-specific 
and control antigens presented by autologous B-LCL (Fig. 3). 
GMDC induced IFN-7 production by both CD8 + and CD4 + T 
cells independently of the sequence of the plasmid DNA used 
for their genetic modification, supporting previous findings 
demonstrating the high capacity of cultured DC for T-cell 
stimulation (26, 42). A total of 2.3% of CD8 + T cells and 3.2% 
of CD4 + T cells responded to HTV-specific restimulation after 
priming with LW/int-transduced GMDC, compared to 0.8 and 
2.2%, respectively, after pGFP-transduced-GMDC priming. 
Moreover, restimulation of HTV-specific T cells with a control 
antigen resulted only in nonspecific IFN-7 production. These 
experiments demonstrated that GMDC can convert naive lym- 
phocytes to both CD8 4 " and CD4 + HIV-specific T cells. 

The next question was whether these activated lymphocytes 
had acquired the ability to kill cells presenting HTV-1 antigens. 
Since macrophages are one of the important reservoirs of 
HIV-1, these cells were used as a target for measuring CTL 
activity. T cells incubated with control DC did not kill HTV-1 
Gag (p55)-loaded macrophages. In contrast, GMDC-primed T 
cells exerted a vigorous CTL activity (Fig. 4a). To identify the 
cells that killed Gag (p55)-pulsed macrophages, the CTL assay 
was performed in the presence and absence of CD8-specific 
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antibodies (Fig. 4b). These antibodies partially inhibited HTV- 
specific cytotoxicity, suggesting the participation of CD8 + T 
cells in the lysis. These results confirmed that GMDC can 
activate CD8 + T cells and demonstrated that these cells ac- 
quired HIV-specific cytotoxic activity. 

We also studied a naive HLA-A+02 type donor to further 
characterize the GMDC-primed CD8 + T cells (45). Seven days 
after GMDC priming, T cells were restimulated either with 
autologous B-LCL cells or with B-LCL cells pulsed with the 
dominant Gag peptide. Of the GMDC-primed CD8 + T cells, 
14% responded by LFN-7 production to the dominant Gag 
epitope, whereas only 1% responded to the control stimulation 
(Fig. 4c). These results confirmed the specificity and the mag- 
nitude of the HIV-l-specific CD8 + T cell response induced by 
the GMDC. Similar high frequencies of HLA-A*02-restricted 
Gag epitope-specific circulating CD8 + T cells have been de- 
tected in patients during acute HIV-1 infection (46), suggest- 
ing that GMDC are capable of priming a similar T-cell popu- 
lation to the level elicited by live HIV-1. 

We questioned why the GMDC primed so many T cells in 
such a short period of time. We postulated that the GMDC, 



FIG. 6. GMDC induce a vigorous CTL response in nonhuman pri- 
mates, (a) Localization of GMDC in the draining lymph node. (Left) 
DNA-expressing GMDC are stained white with an antisense probe 
(dark field). (Right) Interdigitating DC (stained brown with p55 anti- 
body [55K-2 Dako]) expressing the DNA (black dots). Control in situ 
hybridization (sense probe) on parallel sections was negative, (b) HIV- 
l-specific CTL after immunization with GMDC in two macaques. 
Effector CTL were measured 3 weeks after immunization in the ab- 
sence of restimulation. Memory CTL were measured 7 months after 
immunization (restimulation with Gag). The target cells were autolo- 
gous B-LCL cells infected with HIV-1 Gag (■), HIV-1 Gag-Pol-Env 
(A), or control vaccinia recombinant virus (O). (c) Kinetics of the CTL 
responses showing HIV-1 Gag-specific effector CTL and memory CTL 
of one animal (96280). Solid bars, specific lysis of target autologous 
B-LCL cells infected with MV-1-Gag vaccinia virus; open bars specific 
lysis of target autologous B-LCL cells infected with control vaccinia 
virus. W., weeks; ra, months. 



besides efQciently presenting the antigen, may have also pro- 
duced 11^12, a cytokine known to polarize T-cell development 
towards Thl cells and increase CTL activity (11, 16). Flow- 
cytometric analysis detected augmented IL-12 production by 
the GMDC (Fig. 5a). We also found that supplementary EL- 12 
in the culture media enhanced T-cell priming by GMDC and 
doubled the number of IFN-7-producing CD8"*" T cells (Fig. 
5b). Analysis of the induction of CTL activity by GMDC also 
confirmed the T-cell-priming results. Increased IL-12 concen- 
tration substantially augmented the HIV-l-specific CTL activ- 
ity but not the unspecific CTL activity (Fig. 5b). These results 
suggest an IH2-mediated mechanism to explain both the po- 
tency and the antigen specificity of the GMDC-induced func- 
tional T cells. 

Antigen-presenting DC can transport antigen efficiently 
from the periphery to the lymphoid tissue. To study the fate of 
GMDC in vivo, autologous GMDC were injected subcutane- 
ously into the thigh of a rhesus macaque. One day later, the 
draining lymph node was removed and gene expression was 
detected by in situ hybridization. Exceptionally high numbers 
of DNA expressing GMDC were found in the lymph node. 
Some of these cells had already interdigitated into the T-cell 
area and stained positively with an antibody (p55) specific for 
lymph node DC (43) (Fig. 6a). Quantitative analysis of DNA 
expressing DC in the draining lymph node revealed ca. 30 
cells/mm 2 . A conservative estimation of the total positive cells 
per lymph node resulted in ca. 60,000 cells. In striking contrast, 
only 50 to 100 gene-expressing DC were found in the lymph 
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node after needle injection of DNA in the muscle or the skin 
or after DNA-containing particle bombardment into the skin 
with a gene gun (33). These results suggest that GMDC can 
migrate efficiently to the T-cell areas of the draining lymph 
node (43) and express plasmid DNA. 

HIV-1 reproducibly infects pigt ailed macaques (Macaca 
nemestrina) (1, 34); therefore, GMDC were generated from 
monocytes of two pigtailed macaques using the same proce- 
dure as described for the human DC, to confirm our in vitro 
results. Autologous GMDC were injected into each of two 
animals; no side effects, such as obvious discomfort or fever, 
were observed after injection. Both animals maintained normal 
blood chemistry, complete blood cell counts, and CD4 + -lym- 
phocyte numbers immediately after inoculation and through- 
out the experimental follow-up of 7 months. Several attempts 
to isolate HIV-1 failed, as would be expected from inoculation 
by a replication-defective viral vector. None of the animals 
seroconverted, confirming the absence of replication-compe- 
tent HTV-1 and revealing the absence of humoral immune 
responses. However, we expected rapid activation of naive T 
cells and the development of HIV-specific CTL in the animals 
because we had seen potent T-cell responses induced by 
GMDC in vitro and a high rate of DNA expression in the 
lymph nodes. Therefore, we assayed the cytotoxic activity of 
PBMC after immunization without antigenic restimulation, 
thus limiting our analyses to effector CTL (12). Both animals 
developed effector CTL within 3 weeks (Fig. 6b, left panels), 
suggesting that efficient T-cell priming had been obtained in 
vivo. Seven months later, potent HIV-1 -specific CTL responses 
were detected in both animals using a conventional assay de- 
tecting mainly memory CTL after in vitro antigenic (Gag) 
restimulation of T cells (Fig. 6b, right panels). Longitudinal 
examination of the CTL data demonstrated an HTV-l-specific 
T-cell activity expected from a very efficient T-cell priming 
(Fig. 6c): early after immunization, most of the T cells were 
freshly activated; therefore, they could lyse target cells in the 
absence of in vitro restimulation. This is characteristic of ef- 
fector T cells. The activity of HIV-specific effector T cells 
decreased within 7 months, suggesting the possible elimination 
of antigen presented by GMDC. Memory CTL representing T 
cells are capable of proliferation and subsequent cytotoxicity 
after antigenic stimulation. Seven months after GMDC immu- 
nization potent HIV-specific CTL responses were detected 
after in vitro antigenic restimulation, suggesting the establish- 
ment of a long-term memory CTL response. These results 
confirmed our in vitro data and demonstrated in vivo the 
development of a potent, long-lasting, HTV-l-specific, T- cell- 
polarized immune response induced by GMDC. 

DISCUSSION 

We have described here a new technology to generate po- 
tent antigen-presenting DC for the stimulation of broad and 
long-lasting HIV-specific T-cell immunity. This novel approach 
utilizes in vivo production of HTV-1 antigens from a circular 
plasmid DNA that encodes a replication- and integration-de- 
fective lentivirus vector. While lentiviruses integrate perma- 
nently into the host's genome, plasmid DNA does not. Instead, 
they are progressively lost during cell division. This renders the 
plasmid DNA encoding the integrase-defective lentivirus vec- 



tor safer than the integration-competent retrovirus vectors 
used for experimental human gene therapy. The use of a plas- 
mid DNA also circumvented the gene expression problem, 
because sequences inserted between the two long terminal 
repeats reduced the interference between the promoters and 
allowed the genes to be expressed efficiently (5). This strategy 
of transient and efficient antigen expression thus combines 
improved safety and efficacy features. 

Genetic modification of DC by PEI-DNA complexes offers 
additional advantages. The DNA used in the present examples 
encodes nearly all the proteins of HTV-1, and there is no 
indication that this DNA has approached the size limit for 
gene transfer. The designer of future vaccines is not likely to be 
limited to the use of a single peptide or protein if this tech- 
nique is used. This suggests that it may be feasible to construct 
a single vaccine that would be effective for individuals infected 
with different clades of HTV-1. Moreover, autologous GMDC 
process the DNA-encoded proteins in vivo for major histocom- 
patibility complex class I- and class II-specific peptide presen- 
tation to the T cells. Therefore, GMDC technology does not 
require HLA typing of patients, in contrast to methods using 
HLA-matched peptides for DC priming. Clinically, ex vivo 
culture of DC has been optimized and used in experimental 
cancer therapies. Transduction of DC with PEI is simple, be- 
cause any plasmid DNA can be used without the need of 
cumbersome cloning techniques. The plasmid DNA required 
to generate GMDC (0.001 mg per 100,000 DC) and the PEI 
can also be manufactured in high scale. In addition, no unde- 
sired immune response is expected to be generated against 
PEI, as occurs with viral vectors (e.g., adenovirus vectors [10, 
47]). Finally, GMDC are likely to be eliminated from the body 
as soon as the antigen-specific CTL develops, since antigen- 
presenting DC are good targets for CTL. 

This study presents the first experimental evidence that the 
cellular arm of the immune system can be deliberately acti- 
vated independently of the humoral arm. This restricted re- 
sponse is reminiscent of the immune status of high-risk unin- 
fected sex workers, who had HIV-l-specific cellular immune 
responses but no HIV-1 antibody responses (37-39). It is plau- 
sible that the antigen presentation through intracellular DNA 
expression by GMDC, as opposed to the uptake of extracellu- 
lar antigen by DC, has polarized the immune response toward 
its cellular arm. Endogenous synthesis of foreign protein anti- 
gens is known to elicit class I-restricted CD8 + CTL responses. 
GMDC in this experiment were found to express significant 
amounts of both HTV-1 protein and TL-12, a cytokine known to 
polarize T cells towards Thl responses (7, 16, 25). The location 
and the unprecedentedly high rate of DNA expression by 
GMDC in the lymphoid organs have also played a major role 
in the efficiency of antigen presentation. GMDC activated both 
CTL and T-helper responses that contributed to the genera- 
tion of potent and long-lasting HIV-specific T cells in vivo in 
nonhuman primates. 

The hope that T-cell-mediated immune control can be 
achieved after early treatment of acute HTV-1 infection has 
been raised (21, 23, 36). The question is now whether a ther- 
apeutic vaccine can be given to HTV-l-infected patients, which 
will boost their T-cell immunity and perhaps restore their im- 
mune system enough to allow some safe periods off antiretro- 
viral drugs. Although the ability of HIV-specific cellular im- 
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munity to permanently control virus replication has not yet 
been proven, it could be tested by combining highly active 
antiretroviral therapies with the genetic immunization ap- 
proach described here. 
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